Abstract With the aim of developing a fully coupled atmosphere-hydrology model system, the Weather Research and Forecasting (WRF) model was enhanced by integrating a new set of hydrologic physics parameterizations accounting for lateral water flow occurring at the land surface. The WRF-Hydro modeling system was applied for a 3 year long simulation in the Crati River Basin (Southern Italy), where output from the fully coupled WRF/WRF-Hydro was compared to that provided by original WRF model. Prior to performing coupled land-atmosphere simulations, the stand-alone hydrological model (''uncoupled'' WRF-Hydro) was calibrated through an automated procedure and validated using observed meteorological forcing and streamflow data, achieving a Nash-Sutcliffe Efficiency value of 0.80 for 1 year of simulation. Precipitation, runoff, soil moisture, deep drainage, and land surface heat fluxes were compared between WRF-only and WRF/WRF-Hydro simulations and validated additionally with ground-based observations, a FLUXNET site, and MODIS-derived LST. Since the main rain events in the study area are mostly dependent on the interactions between the atmosphere and the surrounding Mediterranean Sea, changes in precipitation between modeling experiments were modest. However, redistribution and reinfiltration of local infiltration excess produced higher soil moisture content, lower overall surface runoff, and higher drainage in the fully coupled model. Higher soil moisture values in WRF/WRF-Hydro slightly influenced precipitation and also increased latent heat fluxes. Overall, the fully coupled model tended to show better performance with respect to observed precipitation while allowing more water to circulate in the modeled regional water cycle thus, ultimately, modifying long-term hydrological processes at the land surface.
Introduction
Water, energy, and ecological fluxes and processes at and between the atmosphere, the land surface, and the subsurface are strongly tied together [Rodriguez-Iturbe, 2000 ] through highly complex interactions [Pan and Mahrt, 1987; Bates et al., 2008] . Various approaches to representing these processes have been reported where surface and subsurface processes are coupled to land surface schemes [e.g., Tague and Band, 2004; Rigon et al., 2006; Fatichi et al., 2012; Niu et al., 2014; Mendicino et al., 2015] , with meteorological forcing data specified from either observations, meteorological forecasts, or climate scenarios. In these systems, however, indirect interactions with atmospheric layers higher than the surface layer are not modeled, hence surface-subsurface processes interaction, in particular lateral water and soil moisture redistribution, are not able to produce any feedback on the atmospheric processes simulation. Conversely, most of the current meteorological and climate models describe surface and subsurface hydrological processes in an oversimplified way, often adopting a (vertical) one-dimensional approach that does not consider complex effects on surface water and soil moisture patterns produced by geomorphology and complex terrain in combination with soil and surface hydraulic characteristics.
regions (e.g., Israel Hydrological Service, personal communication, 2015) and tested within several research collaborations, such as the ongoing U.S. National Flood Interoperability Experiment [Maidment, 2015] .
In this study, WRF-Hydro (version 1.0; described below and in Gochis et al. [2013] ) is used for assessing impact of fully coupled atmospheric-hydrological modeling on several hydrometeorological variables in a Mediterranean catchment, the Crati River Basin (Southern Italy), for a 3 year simulation period. The main objective of the study is to examine differences induced by the uncoupled and fully coupled approaches for several variables directly connected to land surface modeling, with a particular focus on the impacts of those changes on precipitation. The analysis mainly considers the long-range time scale (e.g., months to seasons) typical for climate modeling, where the final solution is more sensitive to boundary forcing and the model physics, even though additionally specific single events at the time scales typical of NWPs are analyzed.
The main impact expected by the fully coupled WRF/WRF-Hydro modeling of lateral soil surface and subsurface fluxes is an increase of soil moisture content. This effect should occur because:
1. Soil columns located at higher elevations, where usually higher precipitation amounts are observed, are less likely to reach saturation because, depending on the steepness, their water content can be redistributed to downstream neighboring soil columns. 2. Accumulated surface runoff in WRF-Hydro, generated either by infiltration excess or saturation excess mechanisms, can route and reinfiltrate before reaching channel network, avoiding to be removed from the modeled water cycle (in the fully coupled WRF/WRF-Hydro, water eventually reaching the channelor the aquifer through deep drainage-is only one-way modeled and cannot come back to the soil or the atmosphere).
All else being equal, the combined effects of lateral distribution and reinfiltration should lead, besides an increase in soil moisture, to lower runoff, higher soil drainage rates, and higher latent heat fluxes. All these effects should be evident especially in conditions where the soil is not fully saturated and the steep morphology makes more relevant surface and subsurface water lateral redistribution simulation. In addition, summer days with higher temperatures should highlight the contribution within the land surface heat fluxes simulation.
The procedure followed for comparing fully coupled WRF/WRF-Hydro, WRF-only, and uncoupled WRFHydro simulations is made up of several steps that will be explained in detail. In the next section, after a description of the study area, data, and the modeling systems, WRF-Hydro is applied as a stand-alone hydrological model, using spatially distributed forcing data derived from ground-based observations of meteorological variables. The aims of the uncoupled WRF-Hydro simulations are (1) assessing the reliability of the model for the study area and (2) parameter calibration and model validation. Then, in section 3, the comparison of WRF-only and fully coupled WRF/WRF-Hydro simulations will be carried out focusing on precipitation, near-surface and surface temperature, runoff, drainage, soil moisture at different depths, and surface heat fluxes, at both short-range and long-range time scales. Lastly, model simulation performance with respect to streamflow from the fully coupled WRF/WRF-Hydro will be assessed.
Data and Methods

Study Area and Ground-Based Observations
The drainage basin analyzed in this study is the Crati River Basin which discharges at the ''Santa Sofia'' gauging station, a few kilometers upstream the Tarsia Dam, in the Calabria Region (Southern Italy, Figure 1c ). The basin is characterized by some peculiar features. Geologically, the terrain encompassing the basin, respectively, the Sila Plateau to the South and East and the Coastal Chain to the West, are characterized by igneous and continental-derived metamorphic units, which are distinct from the carbonate units typical of the main mountain range of peninsular Italy, the Apennine Mountains. The so-called ''Calabrian Arc'' of this region of Southern Italy has been interpreted as a fragment of the Alpine Chain that overthrusted the Apennine orogenic belt. The mean altitude of the basin is about 675 m a.s.l., with the maximum located at the Sila Plateau (1856 m a.s.l.), and the minimum at the basin outlet (67 m a.s.l.), and almost 40% of the area above 1000 m. Mountains surround a small but significant floodplain, the Crati Valley, by far the most densely populated region of the basin (more than 250,000 inhabitants).
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The climate of the Crati River Basin is also significantly distinct from other large Italian river systems located further north that originate from continental-Apennine zones, whereas almost the entire Crati basin can be considered as within a Mediterranean zone both climatically and biogeographically. The mean annual precipitation in the period 1961-2014 is about 1175 mm, with a decreasing trend of 3.3 mm/yr (level of significance p 5 0.1 with Mann-Kendall test) and only 18% of the rainfall occurring between May and September. For the same period, mean annual temperature is 12.08C, varying from 4.28C in January to almost 21.08C in July and August, with an increasing trend of 0.138C/decade (p 5 0.01; for both precipitation and temperature, monthly series are achieved from the spatial interpolation of data recorded by long-time meteorological stations within and around the basin, and then averaging gridded values for the basin area). Senatore et al. [2011] analyzed the hydrological impact of regional climate change projections (2070-2099 versus 1961-1990) in the Crati River Basin with a one-way model-coupling procedure, which predicted mean annual reductions for both root zone soil moisture, groundwater storage, and surface runoff.
The Santa Sofia gauging station is located at the mouth of the 1281 km 2 catchment (with the main river channel length of about 59.1 km) and provides observed river stage and flow rate data since 2001. However, in March 2006, a flood event significantly changed the shape of channel at the outlet and affected the local rating curve. Hence, the selected study period ranges from October 2002 to September 2005 (3 hydrological years), so it is assumed that the rating curve used for deriving discharge data from water levels is reasonably reliable. It is noteworthy that within the basin the Cecita Dam is placed downstream of a small subcatchment of 157 km 2 and also influences the runoff at Santa Sofia gauging station by means of regulation of the dam's outflow volumes mainly for hydroelectric purposes. Ground-based observations of variables used to construct gridded meteorological forcing data for stand-alone WRF-Hydro simulations included, for the analyzed period [2002] [2003] [2004] [2005] 8 pluviometers, 10 thermometers, 3 radiometers, 5 hygrometers, 2 anemometers, and 2 barometers within the catchment boundaries, plus several others around it ( Figure 1c ). Figure 1a ), and a small domain, with a 2.5 km (95 3 90 grid points) horizontal resolution, covering an area (38. 48N-40.58N, 14.88E-17.68E ) corresponding mainly to central-northern Calabria (Figure 1b) . It is important to note here that in the WRF/WRF-Hydro experiments, WRF-Hydro's routing components are only executed on the innermost domain. This is mainly a computational limitation, however due to the coarse spatial resolution of the outer domain, applying routing components also on it would very unlikely produce significant variations to the results in the inner domain. Time steps are 60 and 12 s, in the large and in the small domain, respectively. The vertical structure of both domains consists of 44 levels, up to a 50 hPa pressure top (about 20 km). Initial and lateral atmospheric boundary conditions for continuous runs are given by the ERA-Interim reanalysis [Dee et al., 2011] , but Sea Surface Temperature (SST) fields are directly ingested from the NCEP RealTime Global SST (NCEP RTG) data set. For SST, also the sst skin option is used, which allows to improve the available daily time resolution through the reproduction of the SST diurnal variation from the energy budget over the sea surface, accounting for the cooling effect of longwave radiation and the warming effect of solar insolation [Zeng and Beljaars, 2005] . Ancillary data like land cover and soil categories are also replaced by more detailed data sets available for the small domain (specifically, the Corine Land Cover 2006 project for land cover and a detailed soil texture map of Calabria for soil categories) [ARSSA, 2003] .
The WRF physics parameterization for the selected domains is explained in detail in Senatore et al. [2014] and is listed in Table 1 . Cumulus parameterization is used only for the coarser grid, while explicit convection is chosen for the finer grid according to Skamarock et al. [2008] . The Noah LSM is used as the column land surface physics model in both WRF-only and WRF/WRF-Hydro simulations. The one-dimensional Noah LSM simulates soil moisture (both liquid and frozen), soil temperature, skin temperature, snowpack depth, snowpack water equivalent, canopy water content, and the energy and water flux terms at the earth's surface [Ek et al., 2003 ]. The column hydrological processes accounted for in the Noah LSM are throughfall, evaporation from both wet canopy and soil, transpiration from dry canopy, soil infiltration, vertical soil water movement along four soil layers, and accumulation of both surface (infiltration excess or ponded water) and underground runoff (free drainage at the bottom of the four soil layers), which are eventually expelled from the overall simulated water cycle. In the soil column configuration used in this study, the depths of the bottom of the layers are, respectively, 0.05, 0.25, 0.70, and 1.50 m. In the fully coupled WRF/WRF-Hydro application, the Noah LSM is enhanced for modeling lateral water distribution and additional relevant hydrological processes as described next.
WRF-Hydro
A complete description of the WRF-Hydro system version 1.0 is available in Gochis et al. [2013] . While the WRF-Hydro system contains several options for representing distributed hydrologic processes and for representing channel flow, only those options used in the model experiments presented here are described. The main enhancement of WRF-Hydro is the routing of both infiltration capacity excess and saturated subsurface water. Specifically, routed infiltration capacity excess, together with additional possible exfiltration from fully saturated soil, is now not simply removed from the system, but rather is allowed to pond on the land surface, move laterally and reinfiltrate if suitable conditions are met.
With respect to other coupled modeling systems approaches, hydrological components of the fully coupled modeling system run using the same model executable and the same operating system as the atmospheric components. The hydro model components are fully interactive with the Noah LSM and WRF model physics and are called and interact at every LSM time step of the inner domain (12 s in our case). Model state and flux variables relevant to hydrological component coupling are passed in memory and parallelization is Mlawer et al. [1997] Shortwave radiation Dudhia Dudhia [1989] a Only for the large domain.
Journal of Advances in Modeling Earth Systems 10.1002/2015MS000510 achieved using a similar domain decomposition (or ''tiling'') approach as is used by the WRF model. The modular calling structure of WRF-Hydro is illustrated in Figure 2 , while below some essential details of the modeling system are provided. For further information about technical description and model physics options, the reader is referred to Gochis et al. [2013] . 2.2.2.1. Fully Coupled Processes: Subsurface and Surface Overland Flow Routing Since redistribution of terrestrial moisture mainly depends on the dominant local landscape gradient features and because estimation of those gradients is highly scale dependent, WRF-Hydro employs a multiscale modeling approach. The subgrid disaggregation-aggregation procedure is described in Gochis and Chen [2003] . Specifically, a disaggregation loop is run after the main LSM loop and prior to routing of saturated subsurface and surface water. In this way, specific hydrologic state variables (namely maximum soil moisture content for each soil type, infiltration excess, lateral saturated conductivity for each soil type, and soil moisture content for each soil layer) are divided up from the LSM grid square into integer portions according to an aggregation factor. In this study, the aggregation factor is equal to 10, i.e., starting from a 2.5 km LSM resolution in the small domain, hydrological routing is performed at 250 m resolution, which proved to be enough detailed to describe the river network up to at least the fifth Strahler order. To preserve the subgrid, the soil moisture spatial variability structure from one model time step to the next, linear subgrid weighting factors are assigned. These values indicate the fraction of the total land surface model grid value that is partitioned to each subgrid pixel.
Subsurface lateral flow is calculated prior to the routing of overland flow to allow exfiltration from fully saturated grid cells to be added to the infiltration excess calculated from the LSM. The method used to calculate the lateral flow of saturated soil moisture is that suggested by Wigmosta et al. [1994] and Wigmosta and Lettenmaier [1999] within the Distributed Hydrology Soil Vegetation Model (DHSVM). It calculates a quasi-3-D flow, which includes the effects of topography, saturated soil depth, and depth-varying saturated hydraulic conductivity values. WRF-Hydro specifies the water table depth according to the depth of the top of the highest (i.e., nearest to the surface) saturated layer.
Overland flow routing is achieved using a fully unsteady, explicit, finite difference, diffusive wave approach similar to that of Julien et al. [1995] and Ogden [1997] . The diffusive wave equation accounts for backwater effects and allows for flow on adverse slopes. While the overland flow routine can be applied in either a two-dimensional or steepest descent approach, here we use the steepest descent method. To maintain model stability and prevent numerical dispersion of overland flood waves, a conservative time step of 5 s for the routing grid is chosen in this study, which meets the Courant condition criteria for diffusive wave 
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routing on a 250 m resolution grid. Following execution of the routing schemes, the fine grid values are aggregated back to the native land surface model grid. Variables that need to be aggregated, so that the updated values are used on the next iteration of the LSM, are the depth of ponded water (accounting for surface routing) and soil moisture content for each soil layer (accounting for subsurface routing).
One-Way Processes: Channel and Reservoir Routing, Base Flow Model
Channel flow routing is performed using an explicit, one-dimensional, variable time stepping diffusive wave formulation. A first-order Newton-Raphson solver is used to integrate the diffusive wave flow equations, with an initial value of the time step equal to that of the overland flow routing time step. Overland flow discharging into the stream channel is not explicitly represented by means of subgrids, but through a simple mass balance analysis. Inflow to stream channel occurs when the ponded water depth of specific grid cells, assigned to a predefined stream channel network, exceeds a fixed retention depth. Channel routing is performed on a pixel-by-pixel basis along the channel network grid. The channel network has a trapezoidal geometry; its parameters (side slope, bottom width, and roughness) are ''a priori'' defined as Strahler stream order functions. Currently no overbank flow is simulated.
The impact of lakes and reservoirs on hydrological response is achieved through a simple mass balance, level-pool lake/reservoir routing module based on the level pool routing method [Chow et al., 1988] . Lakes and reservoirs are conceptually differentiated because reservoirs contain both orifice and weir outlets for discharge, while lakes only contain weirs. Fluxes into a lake/reservoir object occur through the channel network and when surface overland flow intersects a lake object. Fluxes from lake/reservoir objects are considered only through the channel network (currently no fluxes from lake/reservoir objects to the atmosphere or the land surface are represented). The level pool scheme tracks water elevation changes over time, while outflows are functions of the water elevation and spillway parameters.
Finally, base flow to the stream network is represented using a simple, empirically based bucket model. This model, especially useful for long-term simulations, is linked to WRF-Hydro through the deep drainage discharge from the land surface soil column. Several groundwater/base flow subbasins can be specified within a watershed (in our case the whole basin is hypothesized). For each of them, WRF-Hydro uses an exponential function to achieve the bucket discharge as a function of a conceptual water depth in the bucket. Estimated base flow discharged from the bucket model is then combined with lateral inflow from overland flow and is input directly into the stream network as ''stream inflow''. The total basin base flow flux to the stream network is equally distributed among all channel pixels within a basin.
Stand-Alone WRF-Hydro Calibration
Before analyzing the impact of enhanced hydrological parameterization in the WRF modeling system, WRFHydro is run in a stand-alone mode forced by observed meteorological forcing data, with the aim of evaluating its reliability for the analyzed hydrological context and of calibrating its most relevant parameters.
Meteorological forcing input includes incoming shortwave and longwave radiation, air humidity, temperature, pressure, wind speed, and precipitation, with a hourly time step. Different techniques are adopted for creating spatially distributed input fields for each variable starting from point observations, as detailed in Table 2 . Typical input parameters required for Noah LSM are needed, grouped in three tables of parameters depending on land cover type, on soil type and some general parameters invariant in the domain (e.g., the surface runoff parameter or the coefficient modifying the drainage out the bottom of the last soil layer). Furthermore, four other WRF-Hydro specific tables are needed, with parameters regarding the channel geometry and roughness (both linked to the Strahler stream order), lake location and size, and related weir/orifice parameters, bucket model coefficients and, finally, lateral surface and subsurface water routing parameters (i.e., hydrological and hydraulic parameters like overland roughness or lateral saturated conductivity, linked to either land cover or soil type). Land cover and soil type data sets used on the innermost domain are converted to match the classifications of the default data sets. In addition to the parameters in the tables, two spatially distributed parameters are also tunable, i.e., a scaling factor for overland flow roughness and the surface retention depth.
Due to the high number of variables involved, many traditional calibration methods can require long computational times. Since the primary objective of the study is to show the effects of lateral soil surface and subsurface water fluxes modeling in a mesoscale model, rather than extensively assessing the performance of the hydrological model, the calibration/validation is limited to only the first year of the analyzed period, considering this time interval long enough to evaluate the basic parameter sensitivities.
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Calibration is performed with the aim of reproducing the observed hourly hydrograph of the Crati River Basin at the ''Santa Sofia'' gauging station, and is addressed in two steps: the first step employs a manual calibration with the aim of identifying the most relevant parameters and roughly calibrating them. Specifically, a stepwise approach is adopted, where first the parameters controlling the total water volume and then the parameters controlling hydrograph shape are calibrated. Within the first group, the infiltration scaling factor (REFKDT), surface retention depth (RETDEPRTFAC), and coefficient governing deep drainage (SLOPE) are included. In the second group, surface and channel roughness parameters, saturated soil lateral conductivity (LKSATFAC) or bucket model exponent are considered. With the manual calibration, sensitivity tests on almost all available parameters are performed.
Once the most influential parameters were identified, an automated calibration procedure based on the PEST software [Doherty, 2002] is used. This procedure minimizes an objective function, given by the sum of squared deviations between model-generated streamflow and experimental observations, by means of the Gauss-Marquardt-Levenberg method. The parameters involved in the automatic calibration are: the infiltration scaling parameter (REFKDT), Manning roughness coefficients of the channels, the overland flow roughness scaling factor (spatially constant in the domain), the depth of first soil layer bottom, the saturated soil lateral conductivity (LKSATFAC) for sandy loam (the most diffused texture in the basin), the deep drainage coefficient (SLOPE), and the groundwater bucket model exponent.
Results are shown in Figure 3 . After a 2 month spin-up time, the calibration period runs from 1 December 2002 at 00:00 UTC to 6 January 2003 at 00:00 UTC (36 days), corresponding to the beginning of the rainy season, while the validation period spans both the second part of the rainy season and the dry season, until 1 October 2003 at 00:00 UTC (268 days). For the calibration period, the validation period and the whole period, Nash-Sutcliffe efficiency coefficient values are equal to 0.93, 0.72, and 0.80, respectively. Despite the high efficiency values, two main shortcomings of the model can be identified: (1) a systematic quick recession, likely due to a weak parameterization of interflow processes. This drawback might also be connected to the oversimplified base flow model. The main flood pulses are dominated by fast surface runoff responses; infiltrated water must first pass slowly through the soil column before contributing to streamflow, well after the event and only as small changes in base flow. Ongoing work seeks to address this issue.
(2) The current lake model used in this study is not able to take into account management rules adopted for the Cecita Dam. This is particularly evident in dry seasons, where observed hydrograph values present several small peaks and troughs even though no rainfall occurred.
Overall, the WRF-Hydro hydrological model appears to perform reasonably well for the simulation of the Crati River Basin streamflow, particularly given the strong seasonality of the hydrologic regime. The same set of calibrated parameters is used in the comparison between the WRF-only and the fully coupled WRF/ WRF-Hydro simulations. Journal of Advances in Modeling Earth Systems 10.1002/2015MS000510
Results and Discussion
The study hypotheses stated in section 1 are all tested in the following, where a comparison between the outputs of both WRF-only and fully coupled WRF/WRF-Hydro models is shown for the analyzed 3 year period. Of course, any comparison between water amounts of various hydrological compartments makes sense only if precipitation inputs are equal or, at least, comparable. This issue is complicated by the fact that soil moisture can significantly influence precipitation [Findell et al., 2011] . For this reason, the analysis starts from precipitation. A comprehensive analysis with respect to ground-based observations from 38 rain gauge stations in the central area of the small domain is shown both in Table 3 and Figure 5 . The statistical indices considered are: overall percentage bias, daily Root Mean Square Percentage Error (RMSE) and Stable Equitable Error in Probability Space (SEEPS) [Rodwell et al., 2010] . These metrics are calculated on daily basis, which is usually applied for monitoring precipitation forecasts and is selected in this analysis to better account for the prediction of daily dry weather and precipitation amount. Specifically, the 1-SEEPS index is adopted, providing a positively oriented skill score.
Precipitation
With respect to observed values, both WRF-only and WRF/WRF-Hydro show the highest (positive) biases in mountain areas (bias is positively correlated to stations elevation, not shown), while RMSE is generally higher in the eastern side of the region. This outcome is likely caused by the tendency for synoptic frontal systems coming from the West and dropping more rainfall over the interior mountain ranges before A specific analysis is carried out for the Crati catchment area, where spatially distributed precipitation fields are averaged and compared day by day. Figure 6 shows accumulated mean values for both the whole period and each of the 3 years, together with daily differences of simulated versus observed precipitations. Also in this case, overall accumulated precipitation value is higher with WRF-only (3434 mm), while WRF/ WRF-Hydro (3319 mm) is closer to observations (3207 mm). Daily RMSE with respect to observations is equal to 7.3 and 6.4 mm/d, while 1-SEEPS equals 0.58 and 0.60, respectively, for WRF-only and WRF/WRF-Hydro. Absolute differences in daily precipitation values are greater than 10 mm only in 7.3% of cases with WRF and 6.9% of cases with WRF-Hydro. Yearly accumulated precipitation value is not always higher with WRFonly. In the third year, the WRF-only accumulated value is 15 mm lower than WRF/WRF-Hydro (1169 versus 1184 mm), while in the second year the WRF-only overestimation (1284 versus 1187 mm) is mainly due to one single event, occurred on 26 July 2004. The number of days with absolute precipitation differences between the two models higher than 10 mm are very few (only 7 in 1065 days, Table 4 ), and they usually correspond to an overestimation of observed data. Since the event of 26 July 2004 produces by far the highest precipitation difference between the WRF-only and WRF/WRF-Hydro simulations, it is analyzed in detail next.
The comparison with observations of modeled daily precipitation patterns in the inner domain (Figures 7a  and 7b) highlights that both the WRF-only and WRF/WRF-Hydro parameterizations essentially are not able to reproduce the actual rainfall of this specific day. Indeed, some heavy rain was recorded on 26 July 2004 in the south of the domain (less than 60 mm, reasonably reproduced by both the models) and, with a very isolated convective event, in the north of the domain (87 mm, better reproduced by the WRF-only run), but 
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spatially averaged observed rainfall within the Crati catchment was lower than 5 mm (Table 4) . Instead, modeled precipitation passes through the catchment's southern area, with the WRF-only simulation yielding more intense and extended rain. The event is originated by a low-pressure system coming from the Tyrrhenian Sea and crossing region eastward (Figure 8 ). Upon reaching the Calabrian coast, the WRF-only 
pressure minimum is already a bit lower than WRF/WRF-Hydro, hence the higher orographic rainfall values along the Tyrrhenian coast should be ascribed to factors not directly dependent on differences between the WRF-only and WRF/WRF-Hydro surface hydrological parameterization. The rain event in the western side of the region is almost finished by 10:00 am UTC, but in the following hours, while the WRF/WRF-Hydro event becomes weaker, the WRF-only modeled rainfall intensity remains high, until it reaches the eastern coast. This behavior is highlighted by the graphs of accumulated rainfall modeled for two rain gauge stations along a West-East axis (Figure 7c ). Figure 9 shows a snapshot of column integrated water vapor (IWV), sea level pressure, and 10 m winds at 09:00 am UTC, together with differences in the skin temperature (T s ) for the two models. In the eastern side of the region, not yet affected by precipitation, WRF-only T s is more than 2 K higher than WRF/WRF-Hydro. A possible explanation of higher rainfall values modeled by the WRFonly in this area can be related to the higher energy provided to the system by warmer surface boundary conditions, that further amplify the WRF-only modeled rainfall event. Since differences in T s are directly connected to soil moisture values that in turn depend on the way soil moisture distribution is modeled, differences in the modeled precipitation fields in the 26 July 2004 event could be related, at least partially, to differences in the hydrological parameterizations.
Despite the very few cases with significant variations in precipitation simulation, the analyses show that, especially in terms of precipitation volumes, the WRF-only and WRF/WRF-Hydro results are comparable, particularly within the Crati catchment. Hence, the impact of lateral surface and subsurface water distribution operated by WRF-Hydro in the modeling of several hydrological variables can be identified and isolated with reasonable accuracy, as will be shown in the next sections.
3.2. Runoff, Drainage, and Soil Moisture Figure 10 shows accumulated mean values of surface runoff and drainage for the Crati catchment area. As expected, surface and subsurface water lateral redistribution produces a decrease of surface runoff and an increase in percolation from the lowest soil layer. With respect to surface runoff (Figure 10a ), WRF-only accumulated values during 3 years almost double that of WRF/WRFHydro (1068 versus 641 mm). On Soil moisture differences, while less evident, are responsible for both surface runoff and drainage outcomes. Near-surface (0-0.05 m) soil moisture ( Figure 11a ) for great part of the first year exhibits practically the same behavior in both models, though some differences in precipitation exist between the two models. At the end of the hot dry season (August-September 2003), when soil moisture content is lower, some higher 
precipitation values with WRF/WRF-Hydro induce a larger increase of average soil moisture that persists until the end of year 2003 even though some stronger WRF modeled rain events occur. During the wet winter, soil moisture evolution again becomes almost identical, because soils tend toward saturation in both cases.
Overall, WRF/WRF-Hydro maintains a longer soil moisture memory with respect to the WRF-only run. The reason for this is explained by the hypotheses expressed in section 1, and is also confirmed by runoff results. Persistence of higher soil moisture values is more evident looking at the fourth (from 0.70 to 1.50 m) soil layer, which is thicker and has a longer response time. Figure 11b shows that every year, especially in autumn and wintertime, WRF/WRF-Hydro soil moisture values significantly exceed WRF-only ones, even with reduced WRF/WRF-Hydro precipitation.
In addition to differences in soil moisture evolution in time, spatial variability of soil moisture fields also show significant differences. Figure 12 highlights first layer soil moisture patterns during a summer day (31 August 2003 at 1:00 P.M. UTC) and a winter day (20 February 2004 at 1:00 P.M. UTC). The first day/hour is chosen because of the relatively high difference between mean soil moisture content in the Crati catchment (0.143 and 0.126, for WRF/WRF-Hydro and WRF-only, respectively), the other instead because for both WRF/WRF-Hydro and WRF-only the same mean soil moisture content (0.265) is modeled. In both cases, a 
smoother transition in soil moisture content is observed with WRF/WRF-Hydro moving from wetter mountain slope soils to valley drier soils, especially in the Crati catchment. Smoothness of soil moisture values within the whole inner domain is highlighted also by their frequency distribution (Figures 12c and 12f) . In Journal of Advances in Modeling Earth Systems 10.1002/2015MS000510 both cases, kurtosis is lower with WRF/WRF-Hydro (20.52 versus 20.30 in summer, 0.84 versus 2.11 in winter). Also the information content provided by the two models can be quantified by means of the information content theory [Shannon and Weaver, 1949] . The concept of entropy and information content for estimating the distribution of hydrological variables is widely used [e.g., Mendicino and Sole, 1997; Mendicino, 1999] . Shannon entropy, meant as a measure of spatial variability, is always higher with WRF/WRFHydro (0.77 versus 0.70 and 0.67 versus 0.65, in summer and winter, respectively).
To our knowledge, only one continuous soil moisture measurement is available for models validation in the analyzed area and period, from the Bonis station belonging to the FLUXNET network (http://fluxnet.ornl. gov/site/531, Figure 13a ). It is a mountain site (about 1200 m a.s.l.) located in an evergreen needleleaf forest. Soil moisture data are continuously available from March 2005 onward. Figure 13b shows that both models are able to reasonably reproduce observed soil moisture evolution, but inherent uncertainties of the comparison (given, e.g., to the different representative areas of measured and modeled values or to rainfall observations versus estimates) are much higher than differences between models outputs.
More generally, ground-based measurements of variables like soil moisture or surface heat fluxes that can support the validation of fully coupled models are in most cases very seldom available, so they can only partially contribute to models validation (for example, only for few specific combinations of soil and vegetation type). Since remote sensing information is intrinsically spatially distributed, remote sensing techniques can help to overcome this limit [Hain et al., 2015] . However, this kind of comparisons adds additional uncertainties related to remote sensing models. An example of a comprehensive spatially distributed validation by means of satellite remote sensing images will be introduced in section 3.3 with surface temperature, a variable whose uncertainty can be managed better than, e.g., surface heat fluxes or soil moisture. Concerning soil moisture patterns, an indirect assessment is performed assuming a relationship between soil moisture and precipitation. Specifically, several weather and climate prediction studies are dealing with duration of soil moisture memory [e.g., Koster et al., 2004 Koster et al., , 2010 . Our analysis, limited to the Crati catchment area, compares observed and simulated accumulated precipitation, grouped for different classes of first layer soil moisture differences between WRF/WRF-Hydro and WRF-only. Figure 14 shows that for each class, except 0.016-0.020, WRF/WRF-Hydro accumulated precipitation values are closer to observed ones. Despite the overall overestimation of observed precipitation (Figure 6 ), both WRF-only and WRF/WRF-Hydro overestimate observed precipitation only for differences in soil moisture content lower than 0.008, otherwise (except class 0.016-0.020) they underestimate it. In both cases, however, WRF/WRF-Hydro performs better. In other words, with respect to the WRF-only simulations, if surface and subsurface soil water distribution modeled by WRF/WRF-Hydro leads to a difference in mean soil moisture content negative or positive but lower than 0.008, WRF-Hydro provides a lower overestimate, otherwise it provides a lower underestimate. The differences between WRF-only and WRF/WRF-Hydro precipitation values for each class can be directly linked to surface soil moisture-precipitation interactions. Hence, this result can be assumed as a clear quantification for the analyzed area of the improvement in prediction efficiency given by a more detailed hydrological schematization in the WRF model. (Table 5) provide similar overall modeled biases (about 10.5 K), which become negative only in wintertime and reach the highest values in summertime. Seasonal differences between WRF-only and WRF/WRF-Hydro modeled temperatures never exceed 60.1 K, with higher values forecasted by the WRF-only in warm months and lower in cool months. This result is coherent with behavior of drier soils, which heat up more during longer summer daytime (heating is only partially counterbalanced by faster nighttime cooling), but cool down more in winter. Daily biases between WRF-only and WRF/WRF-Hydro values range between 20.8 and 11.5 K. Higher differences are strongly connected to modeled precipitation differences (for example, the highest bias occurs on 14 November 2003, one of the days listed in Table 4 ). Table 6 and Figure 15 both show differences between WRF-only and WRF/WRF-Hydro modeled T s , sensible heat flux (H) and latent heat flux (kE) averaged in the Crati catchment. Specifically, Figure 15a shows that most of the time (73% of the days) WRF-only T s values are higher than WRF/WRF-Hydro (mean difference is only 0.1 K, 0.2 K in summer). Highest divergences are always linked to differences in modeled precipitation. Variations of modeled T s are reflected in surface heat flux variables, but the latter are also affected by soil moisture content. Main differences are highlighted roughly during the period May-September. Specifically, in the summer trimester (June-August), WRF-only overestimates H (16. 
As it is shown in the analysis of the 26 July 2004 event (Figure 9 ), skin temperature differences locally can become significant. Similar to soil moisture content, the kE spatial distribution is analyzed for 31 August 2003 at 1:00 P.M. UTC and 20 February 2004 at 1:00 P.M. UTC (Figure 16 ). The behavior of the variable is very similar to the soil moisture case, especially for the summer map, with a smoother transition in the WRF/WRF-Hydro run from high kE values (corresponding to wetter soils) to low values (drier soils). Specifically, in both cases, information content is higher with WRF/WRF-Hydro: Shannon entropy equals 0.91 versus 0.83 in summer, but only 0.59 versus 0.58 in winter, when the soil is almost saturated and kE is low.
Direct validation of H with ground-based data is possible from 1 January 2005 in the Bonis site (Figure 13c ), but with the same limitations discussed in the case of soil moisture. Spatially distributed T s validation is performed for 31 August 2003 daily values using the MODIS/Terra V5 LST/E Daily L3 Global 1 km Grid product (MOD11A1), reaggregated at the model resolution (2.5 km). Accuracy of this product is better than 1 K under clear sky conditions [Coll et al., 2009] . Figure 17 shows a comparison of the models and remote sensing map. The main distribution pattern is constrained by terrain elevation, but focusing on some specific areas some significant differences can be observed. In general, MODIS variability is higher and is better represented by WRF/WRF-Hydro, such as shown by a frequency analysis performed over the inland cells of the domain (Figure 17d ) and several statistical indices (average value: 307.3, 306.4, and 306.1 K; coefficient of variation: 0.0120, 0.0124, and 0.0144; Shannon entropy: 0.69, 0.72, and 0.77; respectively, for WRF-only, 
WRF/WRF-Hydro, and MODIS). In the analysis, coastal cells were skipped because of the clear influence of SST on land cells values. This preliminary spatially distributed validation will be extended and improved in future research.
Streamflow
Even though channel routing is one-way modeled (i.e., water that has entered the river channel can only flow through the outlet and does not influence other simulated components of the modeled regional water cycle), it is important to assess the performance of the coupled WRF/WRF-Hydro modeled streamflow, since it represents the result of a modeling system that does not require any direct meteorological station observation such as, e.g., precipitation or temperature (at least once a reasonable calibration has been achieved).
Observed and simulated hydrographs for the period from 1 December 2002 to 30 September 2005 at the S. Sofia gauging station are shown in Figure 18 . Comparing the 24,872 available observed hourly data (data are missing for less than 3% of the whole period) to simulated hourly runoff in terms of total volumes shows reasonably good results: accumulated observed flow at the outlet reaches 1426 3 10 6 m 3 at the end of the period, while accumulated simulated flow is 1334 3 10 6 m 3 (i.e., only 6% less). More important, the ratio with respect to observed/simulated precipitation is equal to 0.36 and 0.34, respectively, for observations and WRF/WRF-Hydro. Nevertheless, the value calculated on 3 years of the Nash-Sutcliffe coefficient is equal only to 0.27, mainly because of the limited reproduction of peak flows, that most of the times are underestimated. Performance degradation with respect to results shown for uncoupled WRF-Hydro calibration is not only related to limited precipitation simulations (both in terms of intensity and duration), but may also be due to the different frequency that the Noah LSM is called in the offline calibration and the fully coupled run.
With version 1.0, when WRF-Hydro is run in offline mode driven by hourly forcing, the land model is typically only called once during that period. In the fully coupled run, instead, the land model (and hence all The difference in land model execution frequency is important because it impacts how frequently infiltration and other fluxes are calculated. If the land model is called infrequently, then routed waters can travel farther downslope or into a channel before infiltration happens again. When the land model is called frequently, infiltration is calculated more frequently and thus more water infiltrates rather than making it all the way into a channel. Hence, more frequent land model calls usually result in more infiltration and less runoff, meaning also lower peak flows. Ongoing work is addressing this latter issue by enabling multiple time steps for the different forcing and model components within WRF-Hydro.
Conclusions
A thorough analysis aimed at verifying the impact of enhanced hydrological parameterization in the WRF-ARW model by means of the WRF-Hydro extension package has been carried out in a Mediterranean area, i.e., the Crati catchment, during a 3 year period. Hydrological enhancement mainly consists of explicit representation of lateral surface and subsurface water distribution, with possible reinfiltration of routed surface water, together with additional one-way modeled processes (i.e., channel and reservoir routing, base flow).
The analyzed variables in the comparison study between the stand-alone atmospheric model and the fully coupled atmospheric-hydrological model have been precipitation, near-surface and surface temperatures, surface heat fluxes and runoff, soil moisture, and deep drainage. The largest differences have been shown for surface runoff, where in 3 years WRF-only runs almost doubled WRF/WRF-Hydro values, and in deep 
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drainage, where conversely WRF/WRF-Hydro values were higher. Also, soil moisture content at various soil layers showed significant variations, especially when drier and warmer atmospheric conditions (summertime) prevented soil saturation. During summertime (that in the analyzed area corresponds to the irrigation season), latent heat flux showed the largest differences, with a greater average estimate of around 8 W m
22
for WRF/WRF-Hydro. Soil moisture content and sensible heat flux from both models have been compared with long-term measurements available from a FLUXNET site, while surface temperature with satellite remote sensing estimates, achieving in all cases reasonable results.
Our comparison study has quantified the expected variations in the land surface variables due to the increase of soil moisture content induced by lateral redistribution and reinfiltration allowing water to be removed later from the system via channel flow. Precipitation variation, instead, is more difficult to predict, since its generation in the analyzed area is dominated by sea-atmosphere interactions, rather than land surface soil moisture content alone. Nevertheless, both in the Crati catchment and for 38 available regional rain gauge stations, WRF/WRF-Hydro performances have shown to be slightly better than WRF-only simulations, especially in terms of the bias. Likewise important is that a relationship between differences in soil moisture content and modeled precipitation has been demonstrated for the two models, showing also the positive effect of fully coupled modeling in terms of accumulated precipitation. In terms of WRF-only versus WRF/WRF-Hydro comparison, we expect that the results will broadly remain the same irrespectively of the microphysics scheme used, however it will be interesting in future research to assess the degree of different uncertainties produced by adding the modeling of lateral redistribution of water and using different microphysics schemes.
The issue of improving accuracy in land surface system models is crucial within the ongoing discussion about hyperresolution (0.1-1 km) global hydrology and land surface models [Bierkens et al., 2015; Singh et al., 2015] . The most significant result of this study is probably an answer not only to the question ''if,'' but also ''to what extent'' does the fully integrated modeling of surface and subsurface water lateral redistribution alter mesoscale model performance in terms of land surface variables and precipitation, at least in the analyzed region. The improvement produced by fully coupled modeling may be even more evident in continental interior regions, where strong convective phenomena are driven by land surface soil moisture, provided that lateral redistribution is significant (no flat areas) and model differences are not blended by all year long near-to-saturation soil moisture conditions (not too humid climate). The results achieved are mainly relevant to long-range simulations, where it is shown that implications especially for the evaluation of water resources availability can be very important. Understanding the impact of the enhanced hydrologic representations on short-term meteorological prediction is somewhat more uncertain and as yet under investigation. Journal of Advances in Modeling Earth Systems 10.1002/2015MS000510
